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The available amino acid sequences of 160-kDa hot- 
uilnutn and tetanus neurotoxins show the presence of 
a closely homologous segment in the middle of the hglit 
chain (NHa-terminal 50 kDa), which is the intracelln- 
larly active portion of the toxin. This segment contains 
the zinc bindii^ motif of metalloendopeptidases, 
HEXXn. Atomic adsorption analysis of botulinum neu- 
rotoxins (serotypes A, B. and E) made on the basis of 
this observation demonstrated the presence of one zinc 
atom/molecule of 160-kDa neurotoxin. Conditions 
were found for the removal of the zinc Ion with chelat- 
ing agents and for the restoration of the normal metal 
content. The conserved segment, which includes the 
zinc binding motif* was synthesized and shown to bind 
t^^Zn]**. 

Chemical modification experiments indicated that 
two histidines and no cysteines are involved in Zn 
coordination in agreement with a probable catalytic 
role for the zinc ion. The present findings suggest the 
possibility that botulinum neurotoxins are zinc pro- 
teases* 



Botulinum neurotoxins (BoNT)^ are produced in seven 
different ^retypes (A. B, CI. E, F. and G) by Chstridium 
botulinum and by other species of the same genus (Simp&on, 
1989; Hatheway, 1990), They are the most potent bacterial 
protein toxins. All the clinical symptoms of botulism, includ- 
ing the flaccid paralysis, are due to BoNT, which blocks 
acetylcholine release at the neuromi^lar junction. Their 
enormous potency has been attributed to their neurospeci- 
flcity and to a yet unknown intracellular enzymic activity as 
it is the case for all bacterial protein toxins with cytosolic 
targets (Simpson, 1989; Alouf and Freer, 1991). 

BoNTs are produced as 150-kDa single polypeptide chams. 
Proteolytic cleavage within a narrow region generates a two- 
chain form of BoNT composed of an H chain (100 kDa) and 
an L chain (50 kDa) held together by a disulfide bridge and 
noncovaient bonds (Fig. 1). The two-chain form is generally 
more active than the single chain (DasGupta, 19S9). The H 
chain is responsible for the neurospecific binding of BoNT to 
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by the payment of page charges. This article must therefore be hereby 
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' The abbreviations used are: BoNT» botuUnum neurotoxin; DEPC, 
diethyl pyrocarfaonate; DT, diphtheria toxin. 



peripheral nerve cells and presumably also for the cytosolic 
translocation of the L chain (Montecucco, 1986; Niemann, 
1991). The L chain is the intracellularly active portion of the 
neurotoM that blocks neuroexocytosis (Poulain et oL, 1988, 
1990» 1991). However, despite all efforts, neither its intracel- 
lular mode of action nor its target is yet known. 

We suggest here the possibility that BoNTs are metalloen- 
dopeptidases. This suggestion is based on the following find- 
ings. All clostridial neurotoxins, whose sequences are avail- 
able, contain the zinc binding motif of zinc endopeptidases. 
Consequently, we investigated the pc^slbility that BoNTs are 
metalloproteins by measuring the metal content of serotypes 
A, B, and E. These three serotypes were chosen because they 
are most frequently involved in human botulism (Hatheway, 
1990) and are available as highly pure preparations. We found 
that indeed one atom of zinc is bound per molecule of BoNT, 
this binding is reversible, and histidines are involved in xinc 
coordination, as in all zinc endopeptidases. 

MATEHIALS AND METHODS 

Purification of Neurotoxins and Related Fragments 

BoNT serotypes A, B, and E were produced and purified as previ- 
ously described (DasGupta and Rasmussen, 1983; D^Gupta and 
Sathyamoorthy, 10S4; DasGupta and Woody, 1984). Serotypes A and 
E were in two-chain and single chain forms» where^ serotype B was 
essentially single chain. BoNT/B and BoNT/E were nicked with L- 
l-tosylamido-2-phenylethyl chioromethyl ketone -treated trypsin 
(Serva) as described by Sathyamoorthy and DasGupta (1986), and 
the cleavage was blocked by adding a 4*fold excess of soybean trypsin 
inhibitor. 

The H and L chains of serotype A were separated and purified as 
reported previously (Sathyamoorthy and DasGupta, 1986). The 50- 
kDa carboxyl'terminai half of the H chain (He) and BoNT serotype 
A and the remaining lOO-kDa fragment (L-Hn, the L chain, and the 
50-kDa NHa-tenninal half of the H chain) were isolated following a 
procedure developed by Gimenez and DasGupta/ 6*0 rag of BoNT 
serotype A diluted to 0.5 mg/ml in 50 mM ammonium acetate, pH 
4.1, was digested with pepsin {1:30, w/w) for 30 min at 35 ^C. The 
reaction was blocked by adding 2 M Tris chloride, pH 8.8 (final 
concentration, 100 mM), and 1 ^ig/m\ pepstatin. The reaction mixture 
was dialyzed extensively against 20 mM sodium phosphate, pH 8.0, 
and applied to a DEAE Sephadex A-50 column 1.5 X 6*0 dm) equili- 
brated in the same buffer. He waa recovered in the void volume, and 
the L-Hn fragment was eluted with a linear gradient of increasing 
sodium chloride; both were precipitated by ammonium sulfate (39 g/ 
100 ml). Concentrations of He and L^Hn were detennined from the 
absorbance at 278 nm using e^ctinction coefficients of 1.7 and 1-27 
M"^ cm"% respectively. 

Diphtheria toxin (DT) was prepared as described {Hai^nioU al.. 
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Botulinum Neurotoxins Are MetaUotoxins 



Determination of Metal Content 



Each material (glassware, dialysis bags, etc.) used m meta! <teteT- 
minaUon experiments was previously rinsed with MilH-Q grade water 
(conductivity > 10 megaohms). Buffers were prepared with chemicals 
Of the highest purity available with respect to the presence of heavy 
and pretreafed with Amberlite MB-3 (Sigma). Before n.etal 
determination, the neurotoxins and the fragmenU thereof were ex- 
tensively dialyUd at 4 'C against 150 mM Tris chlonde, pH 7.4, or 10 
r^M HEPES-Na 100 mM sodium chloride, pH 7.0. Protein samples 
and diaivsis buffet were analyzed for zinc^obalt, MW>er^ron. man- 
ganese, and nickel with a Perkin-Elmer 4000 atomic abaoiption flame 
spectK^hotometer with impact loading after stondardiation for 
;ach ion in the Unear range of C(»centtatK»ll (0-0.5 ppm for zinc, 
nickel, and cobalt; 0-1 ppm for coMier; 0-5 ppm for iron and man- 
ganese). 

Zinc Remotxd and Reuptake 

BoNT serotypes A, B. and E were diluted to 0.5-1.0 mg/i»I with 
150 mM Tris chloride, pH 7.4, and mcobated in the presence of 10 
mM Na-EDTA for 60 min at 37 'C. Samples were dialyied extensively 
against The same buffer without EDTA at fCNfoi^rinc content 
was determined. Zinc reuptake was »c«»nP>«»»d by a<Wmg IM 
zinc chloride dissolved in 150 mM Tns chlonde^ pH 7.4, to Zn - 
depleted BoNT. After 60 mm at 87 -C^ «mpte. were "tensj^ 
dialyzed againrt the same buffer without Zn»* at 4 C, and metal 
content was determined. 

Diethyl Pyroearhonate Modification 

NaUve and zinc-depleted BoNT serotypes A, B, and E, between 
1.6 ^Ts-sTm In 50 mM aodium Phfsphate pH 7.8 after filtrat.on 
through a 0.22-Mm filter (Anotec, <>.«f<'^d,^}^nited Kingdom), were 
treated with DEPC in three consecutive additions of a 35-fold molar 
«<^oTreagenrwiS respect to the to.in. DEPC was taken from a 
fS p«!^red solution in absolute ethanol. The reaction was car- 
rirf out at 25 "C and was monitored by simultaneous lecordmg of the 
dHferential absorbanccs at 243 and 278 nm a« previously de^ibed 
(Miles, 19771 Papini et ol, 1989) in a Perkm-Elmer Lamda 5 spectro- 
photometer. M<^difications of histidine and ^y^^^^Jt^^^Z^^, 
estimated based on a differential extinction ^'^f "f^^-?*,, 
cm-' at 243 nm for JV-carbetboxyhislidmc and of -1,310 M cm at 
278 nm for 0-carbethoxyty«Bine. 

Titration of Free Thiol Groups 
NaUve or zincdepleted BoNT serotypes A, B, and E, 1 in de- 

aeraS mM sodiu'm phosphate b"«"^PHJf > T^^^T^S^^ 
0 4 mM 5 6'-dithiobi8-(2-nitrobenioic acid) at 2s C. The absorbance 
at 4T0 nm was determined against a blank without ne«roto«m. Baaed 
on a mX absorptivity of 13,600 M- cm- at 412 nm f« the 2.nrtr«- 
5 thi^n^oate anion, salfbydryl content was ~ fX'^f 

free thiol gioups/mol of BoNT (EUman, 1959; Scbiavo et oL. 1990). 

Peptide Synthesis 
•vi.^ ,.»™<,nt nf RnNT serotype B, which spans 15 residues (226- 

TvT-Glv-COOH) was prepared by sohd phase synthwB with a SMPS 
S automatic synthesizer (Zynsser Analytic. FraricfurtJ3*^^^^^^ 
employing Fmoc (JV-O-fluorenyOmethoxycar^nyl) chemistiy. The 
Suct wa detached irom the re^n with 93% tnfluoioac^ acid 
nurified by high pressure liquid chromatography on a Vydac CIS 
column {Vyd^. CA). and ita amino acid sequence was verified hy 
automatic Edman degradation on an Applied Biosystema micn^e- 
quenator (model 476A). 

Determination of C^ZnP* Binding 
Zinc Overhy~-0.&-20 pmol of BoNT serotypes A and E in their 
naSS^aeple^^ Lms. before and after DEPC treatmen t 
™ntLned above) AS weU as 20-600 pmol of the synthetic peptide 

m^fer CA) The same amount of diphtherm toxin was dot bJotted 
^r^fcil T^^ w«e rinsed for 5 min in 26 mM Tns 

M^J^pTL ^^^ 100 mM sodium chloride and then inou- 
S for 60 m n at roocn temperature in the presence of 50 nU 
-IcMAmersham, U.K.) (specific activity 576 mCi/mg --c) m the 
,;ame buffer. Unbound ^^ZnCI. was removed by washmg the stripy 
flfx times with 25 mM Tris chloride. 100 mM .odmm chlonde. pH 7.5, 



The amount of bound [**Znf ^ was determined by exposing the dried 

stripes to Kodak X-Omat fdms at --80 "C. 

Ge! Filtration Chromatography— 0.b nmol of BoNT serotype E or 
1.2 nmol of DT were incubated with 1.15 ^^Ci of ^nClj in 150 fA of 
100 mM Tris chloride, 60 mM sodium chloride, pH 7.0, for 60 mm at 
25 "C and then were applied onto a Sephadex G*25 medium column 
(Pharmacia LKB Biotechnology Inc.) (100 X 8 mm}, eqtJihbrated, 
and eluted with the same buffer. Void volume (4.0 mi) was determmed 
with blue dextran (Pharmacia). a9'ml fractions were collected, pro- 
tein elution was monitored by UV absorption at 280 nm, and radio^ 
activity was measured by counting in a Packard Multi-Pnafi <^Eama 
counter. 0,5 ^Ci of [^Zn]*"' coeluted with the protein peak of BoNT, 
whereas background amounts were found in the DT peak. 

fhw Dialysis 

Binding of [^nf to the BoNTs was measured by the flow dialysis 
technique of Coiowick and Womack (1969). The apparatus consisted 
of two cylindric chambers (10 mm diameter; volumes: upper chamber. 
1 mi; lower chamber, 0.18 ml) separated by a dialysis membrane. The 
toxins were preincubated for 45 h at 4 "C with 0.3 f^M l«2;«l ' ^he 
upper chamber routinely contained L7~2,7 fxM BoNT and O.S mM 
{^nf* m a 400-m1 volume of 20 mM Tris-Cl, 120 mM NaCl, 0.1 mM 
CaCl2. 5 mM MgCh, pH 7.45, at room temperature. The lower chamber 
was perfused (0.5 ml/min) with the same buffer without zmc, and 
0.5-ml fractions were collected and counted in a Packard Cobra 
Axitogamma 5003 counter. l-2-*a aliquots of ZnCU were adcted to the 
upper chamber every 6 fractions. 



Toxicity Testa 

The neuroparalytic activity of BoNTs was tested by intravenoi^ 
injection into BALB/c mice a» described by Boioff and Fleck (1966). 

RESULTS AND DISCUSSION 

Sequence Comparison—The cDNA-derived amino acid se- 
quences of BoNT serotypes A. B. CI, D, and E and from 
Clostridium butyrkum as well as that of tetanus neurotoaan 
are known (Bisel et al., IS8B', Fairweather and Lyness, 1986; 
Hauser et al, 1990; Binz etai, 1990a, 199<Mb; Niemann, 1991; 
Thompson et oL, 1990; Poulet et aL, 1992). They show an 
overall low degree of homology vnth a few segments of close 
similarity. The most conserved segment among these clos- 
tridial neurotoxins, local^d in the central part of the light 
chain, is reported in the lower part of Fig. 1. The figure also 
shows that this segment includes the ^nc binding motif of 
zinc endopeptidases {Vallee and Auld, 1990a), 

Metal Content of Botulinum Neurotoxin$--The above ob- 
servation suggested to ua the possibUity that also the BoNTs 
are zinc proteins. To determine the nature and amount of 
metals bound to BoNT, highly purified preparations of BoNT 
serotypes A, B, and E, each in the two-chain form (tlwxr SDS- 
polyacryiamide gel electrophoresis profiles are in Fig, 
were subjected to atomic adsorption analysis. Kg. 2B shows 
tiiat all three BoNT serotypes contain approximately 1 atom 
of zinc/molecule of ISO^kDa toxin. Nicking of the BoNT 
serotypes B and E did not modify significantly the metal 
content (not shown). Analysis of the two peptic fragn^ents of 
BoNT serotype A showed that the zinc atom is bound to the 
100-kDa L'Hn fragment. The zinc content of the 60-kDa 
carboxyl-terminal fragment He was below detection bmit. It 
was not possible to determine the metal content of the isolated 
60-kDa L chains because separation of L and H chains re- 
quired urea and dithiothreitol {Sathyamoorthy and DasGupta, 
1986), which released the metal from the protein (not shown). 
Cobalt, copper, iron, manganese, and nickel were measured 
and found to be below detection limil^. 

Results presented in Fig. 2B also show that the Zn atom 
was removed by treatment with EDTA, The loss of Zn 
caused by EDTA was reversible because the zinc ion was 
reacquired by BoNT upon incubation in a Zn'^^-containing 
medium. On the contrary, Zn^"^ reuptake by purified L chain 
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FiC. 1- Schetnalie structure of clos^tridial neurotoxins and 
sequence comparison of ilieir hl-^liaine^rich segment with the 
zinc bindmfS motif of metalloendopeptidiiseis. Clostridial neuro^ 
toxins are produced as a jfingle 150-kDa chain which h later cleaved 
hv proiea?ie?. «i am exposed looj? to jtenerate the active two-cham 
toxin The H chain iH) can be further cl^-aved with pepsin generatLnj^ 
the 50-kDa Hr fragment. The most conserved sc-^ment of the se- 
ouence.s of BoNT A, B, C. D, and E and of tf^tanus toxin iTeTs). 
located in ihe c^mtral p^rt of the L chain ilU is aiijrned, find it is 
«hown to cnniatn the Zn'" binding motif of matrix metal io|>roteaBes: 
h hydrophobic; u, unchargtid. Double dots indicate r&sidue conserva- 
ti'oirand fihifite dots indicate conser\'ation of residue propertie-S. 

of BoNT serotype A (the only L chain we have tested) was 
very low" (not shown). This difference with the parent 150- 
kDa molecule indicates a partial alteration of the Zn--^ binding: 
sit« of the L chain probably due to exposure to dithioihreitol 
and urea during its separation from H chain and isolation. 

Zn-'^ was also removed, with lower efficiency, by diethyl- 
enetriamine pentaacetic acid, a chelating agent specific for 
heavv metals (Arslan et ai, 19B5). O-PhenantroHne and di- 
picoJinic acid, which are frequently used as heavy metal 
compiexing agents, caused protein aggregation and an irre- 
versible loss of zinc. 

Zinc Coordination— The three-dimensional structures oi 
three zinc rnetalloendopeptidases. thermolysin (Matthews et 
aL, 1972), Bacillus cereus neutral protease fPauptit et al, 
19*88). and PseudomonaH aeruginoBa elastase {Thayer et al, 
1991), have been resolved by x-ray crystallography. In these 
enzynies, the Zn'-" atom is bound a tetrshedral coordina- 
tion with the two histidines of the motif HEXXH, while the 
gltitamic residue binds a water molecule, which is the third 
Zn-- Hgand, The fourth ligand is a glutamic residue that has 
been identified in bacterial zinc inetaHoendopeptidase but 
whose position Ls stili to be determined in matrix metalloen- 
dopeptidases (Vallee and Auld, 1990a, 1990b) and in the 
clostridial netirotoxins. 

The role of histidines in Zm' binding in the botuUnum 
neurotoxin was tested with chemical modification experi- 
ments. DEPC is a protein ^modifying agent specific for histi- 
dines, which are converted to A^-carbethoxyhistidines with a 
characteristic absorbance at 243 nm (Miles, 1977). Figure 3 
shows that a different number of histidine residues was mod^ 
ified per molecule of the three toxins. This is related to the 
different histidine contents of the three BoNTs (13, 7, and 14 
for serot%i3es A. B, and % respectively) and to their accessi- 
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FiO, 2. Zinc content of botulinum nt»urotoxins A, B, and E. 
.4 SDS-polv^icr>'ii3mide ^el e^ectrophoresiis and Coomassie Biue- 
stkined sainpks'of BoNT serot>T>e A {lone A)s B B). and E 

Uane E). B, antounts of zinc bound to the ciichain form of BoNT 
seroty]>es and to the two peptic fragmentE of EoNT/A, 1 DO- kDa L- 
Hn. ^iid 50-kDa Hr, before or after EDTA Iretitment, measiiired by 
<j|omic arij^nrption (detaili; vmder "Materials and Methods'^). jV. native 
BoNT: EDTA. BoNT treated w'nh EDTA and dialyzed; It BoNl 
depleted of zinc with ED'i A. incubated with 100 ZnCLj. and 
dialvzed. £Jar^ are ±S.D. of three different measurements. 




FiO. 3. Histidine titration with DEPC of botulinuni neuro- 
toxin s^erotypes A, B, and E before and after Zn"* depletion. 
A. the increase of absorbancf; at 243 nin indicates the progrressive 
formation of A'-i^arhethaxyhbtidine; succes^?^ve addition of DEPC, 
necessiirvbecaiise of rapid DEFC decomposition in water, is indicated 
by arroivi^. B, atuoiint of DEPC-modified histidines in the three 
BaNT.'i. tested hete before i empty bars) and afrer {dotted bar^) Zn*' 
reinoviiL Bam are ±S.D. of at least three different experiments. 

bility to DEPC. However, for each neurotoxin, two additional 
histidines/BoNT molecule were modified when they were in 
their Zn'" -depleted form, Parailelly, there was no modifica-- 
tion of tyrosines as monitored at 278 nm. 

This resuk indicates that (i) the Zn-' ion of BoNT protects 
two histidine residues from DEPC modification and (ii) the&e 
two histidines become accessible to DEPC when the zinc atom 
is absent. Each of the three BoNTs was unable to regain the 
Zir' atom after Zn"' depletion and DH;PC modification (see 
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below I It was not possible to test the effect of Zn"" depletion 
on the neuroparalvtic activity of BoNT because of the revers- 
Ibiiity of Zn^^^ depletion and because Zn'-iin depleted and 
DEPC-modified BoNT is no longer toxic (not shown). 

Cysteine residues coordinate Zn=" in several proteins in 
which the zinc atom plays a structural role, such as m aspar- 
tate carbamoyltransferase, zinc fmgeT proteins, and metailo- 
thionem. (Vallee and Auld, i990a, 1990b). Titration of the 
suifbvdryi group of BoNT serot>i3es A, B, and E before and 
after^Zn"' depletion gave the same value (not shown), thus 
iridicating that cysteines are not implicated in zinc binding in 

These results are in agreement with the prediction, based 
on the seqtience comparison of Fig. I, that histidines, and not 
cysteines, are involved in Zn^^ coordination. Moreover, they 
suggest that the zinc ion of BoNT plays a catalytic role as m 
all zinc &r\zymes with histidine coordination (Vailee and Atild, 
1990a. 1996b). , , ^ 

r-Znf^ Binding to BoNT and the Synthesized Peptide. 
ReBtdues 226-240-To gs^m further evidence that the central 
segment of the BoNTs L chain is responsible for Zn^" coor^ 
dination, the peptide H.N^le^^-^^-Leu-Met^His-Glu-Leu^Ile- 
His-Val-Leu^His-Gly-Leu-Tyr-Gly'^^^^^COOH, spanning the 
corresponding-sequence of BoNT/B, which includes the pu- 
tative ssinc binding motif, was synthesized. Results of dot blot- 
experiments {Fig. 4) show that this peptide binds [ ^Zn]- and 
suggest that the conserved histidine-nch segment of BoN Is 
and tetanus toxin can take part in zinc coordination. Fig. 4 
also shows that both the zinc^depleted (-Zn^;) and the native 
BoNT (-f Zn^-^) serotypes A and E bind [*^'Zn]^^ This indicates 
that bound zinc is exchang^eable. This exchange is not a 
peculiarity of the dot blot, assay because it also occurred with 
BoNT in solution {Fig. 5)- . 

BoNTs depleted of zinc and subsequently treated with 
DBPC were unable to bind [^^^"Zn]-^ (Fig. 4), whereas a parallel 
DEPC treatment of the native BoNT did not affect its abihty 



(S) 




10 i» 20 

Fraction nwmber 

FIC. 5. Zinc exchange on botulinum neurotoxin t^rotype E- 
Elution of BoNlVE or (diphtheria toxin from a Sephadex G-2d ^ol^f^ 
after incuWtion of the toxins with 200 pM ^•ZnCl. for 60 mm at 2o C. 
The broken lines show absorbance at 280 nm, and the continuous 
line<^ report the amount of radioactivity associated to the various 
fractions. A. BoNT serotype E; diphtheria toxin. Under the present 
c<md\iii>m, 45% of added f7.T^r coeUited with the BoNT peak, and 
praciically none coeluted with the diphtheria toxtn peak. 
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Table I 






Flow dUilyi>i!^ and Scatchnrd analysis for r'ZnJr* binding to 
BoNT/A. B, and E 


Toxin 






n 






f^M 




BoNT/A^ 
BoNT/B^ 
BoNT/E^ 


60-80 1-1-1 
90-100 0,7-1.1 
^^-130 1 


1,6-2/2 
1.4-2.4 


1.9-2.6 
2.5-3.0 



Peptide 




DT 


'* ■* 




OEPC OEPC 




pM«l*s 


• 


600 


20 


1 


200 






eo 


2 




20 


0.6 



Fig 4 V'^Zn]"^'^ binding to botulinum neurotoxins A and E 
i^jjdto the histkiine-rich conserved peptide 220^240 of BoNT/ 
B. Protehi ^0-6^20 pmoD or peptide (20-600 prnoi) samples, blotted 
onto nitroceDuios^e paper, were incubated in 50 nM "^^^^^^J^' Alter 
sva^^hiiigs, the pm^er i^np^ v^'ere dried ar.d aufcoradiogra]>hed. Samples 
are a. follow.: ^Zn^^, native BoNT; -Zn^ BoNT treaud with 
KDTA and diak^^ed: -Zn^^ DEPC. BoNT treated with EOT A^ d|- 
i^]^2^d. and treated uith DEPC; peptide, peptide 226-240 of BoN h 
B not treated t-) or treated (+) with I^EPC <d^iaik under "Mat^nats 
^4nd Methods"). Native BoNT treated v^ith DEPC bnid.^ ['^Zn - as 
the initreated control ir^Znn fnoL shown). DT refers t4> samples of 
diphtheria toxin. 



^ Range of valuers found in two different expenrrjents. 

to exchange the Zn'' atom (not shown). This result in^cat^s 
that hisxi dines are involved in zinc coordination in BoNT. 
The dot blot assay used here appears to he very sp^cinc since 
diphtheria toxin, which has three histidines interspaced by 
three residues {His^^-X-X-X^His-X-X^X-His^^^}, does not 
show any sign of [^'Zn]'" binding (Figs. 4 and 5). 

Affinity of Zinc Binding to Botulinum Neurotoxins--! he 
affmitv of zinc binding to the three Bo^^Ts was assayed by 
equilibrium dialysis, employing l*^Zn]=^* as tracer (Coiowick 
and Womack. 1969; Papini et ai. 1989). Table I shows that 
the three BoNT serot>T>es bind zinc very simiiarly. The three 
BoNTs have a single high affinity binding site in close to 1) 
with comparable Ko values and also show multiple lower 
affinity sites that are not occupied in the purified toxins to 
account for the above described atomic adsorption data. 

Conck£5fo/w—The present paper demonstrates that botuli- 
num neurotoxins (serotypes A, B, and E) contain one atom 
of zinc/molectile of 150-kDa protein and that the Zn at^m 
can be reversibly removed with EDTA. This work also shows 
that histidines, and not cysteines, are involved in metal co- 
ordination, thus suggesting that the zinc atom plays a catalyt ic 
rather than a stnictural role {Vailee and Auld, 1990a, 1990b). 
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Comparison of amino acid sequences and [^n]^* binding 
experiments siiggests that the htstidine-rich segmant, con- 
served among clostridial neurotoxins, is involved in zinc co- 
ordination. This segment contains the zmc binding motif of 
metalloendopeptidases, including the glutamic residue di- 
rectly involved in catalysis (Matthews, 1988), AU of the three 
BoNTs assayed here show a single high affinity binding site 
for zinc with dissociation constants in the 40-100 nM range 
and multiple lower affinity binding sites. 

Clostridia produce a variety of zinc endopeptidases (Bond 
and Van Wart, 1984), and, on the basis of our observations, 
it is tempting to speculate that clostridial neurotoxins have 
arisen by lusion of a gene coding for a metalloprotease with 
that of a protein highly specific for binding to the presynaptic 
membrane. The metalloprotease activity, confmed in the L 
chain, could thus be delivered inside the neuronal cell and act 
on a specific peptide bond(8) of a component involved in the 
control of neurotransmitter release. 

The possibility that botulinum neurotoxins are zinc endo- 
peptidases readdress€« the research aimed at the discovery of 
the molecular pathogenesis of botulinum. For example, several 
site-directed mutagenesis experiments can be designed and 
the product can be tested for activity in Aplysia neurons 
(Poulain, 1988, 1990, 1991) or in permeabili^ed PC12 cells 
(Lomneth et al., 1991). Mutation of the glutamic residue of 
the motif is expected to delete the BoNT-induced inhibition 
of neuroexocytosis. Indeed, chemical modification of about 
two carboxyl groups of BoNT serotype A and E causes detox- 
ification {Woody €t ai., 1989). A lower or nonexistent activity 
is also expected for the mutants at the two histidines of the 
motif as well as at the third zinc Ugand residue, which we 
propose to be either Glu=^^ of BoNT/A <Glu=^^ of EoNT/B 
and Glu=^^ of BoNT/E) or G!u^'^ of BoNT/A {Glu^^^ of BoNT/ 
B and Glu^ of BoNT/E) on the basis of their conservation 
among all clostridial neurotoxins. 
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